The product of the rpoN gene is an alternative r factor of RNA polymerase which is required for transcription of a number of genes in members of the family Enterobacteriaceae, including those that specify enzymes of nitrogen assimilation, amino acid uptake, and degradation of a variety of organic molecules. We have previously shown that transcription of the piln gene of Pseudomonas aeruginosa also requires RpoN (K. S. Ishimoto and S. Lory, Proc. Natl. Acad. Sci. USA 86:1954-1957) and have undertaken a more extensive survey of genes under RpoN control. Strains of P. aeruginosa that carry an insertionally inactivated rpoN gene were constructed and shown to be nonmotile because of the inability of these mutants to synthesize flagellin. The mutation in rpoN had no effect on expression of extracellular polypeptides, outer membrane proteins, and the alginate capsule. However, the rpoN mutants were glutamine auxotrophs and were defective in glutamine synthetase, indicating defects in nitrogen assimilation. In addition, the P. aeruginosa rpoN mutants were defective in urease activity. These findings indicate that the ar factor encoded by the rpoN gene is used by P. aeruginosa for transcription of a diverse set of genes that specify biosynthetic enzymes, degradative enzymes, and surface components. These rpoN-controlled genes include pili and flagella which are required for full virulence of the organism.
Pseudomonas aeruginosa is an opportunistic human pathogen which causes nosocomial infections, particularly among the immunosuppressed, and is the leading cause of death among individuals with cystic fibrosis. During the course of infection, several extracellular enzymes and toxins are expressed that contribute to the severity of infection. These virulence factors include exotoxin A, exotoxin S, hemolysin (phospholipase C), elastin, extracellular proteases, enterotoxin, leukocidic factor, and an alginate capsule (36) . Synthesis of several of these polypeptides is controlled at the transcriptional level in response to various environmental factors. For instance, alginate, exotoxin A, and hemolysin are regulated by osmolarity, availability of iron, and phosphate concentration, respectively (6, 10, 36) . These bacteria, and many other pathogens, have thus evolved a molecular regulatory system to modulate expression of genes that encode virulence factors only when they are needed, such as in a parasitic interaction with a host.
Pili and flagella, two prominent surface structures, have also been implicated in the pathogenesis of P. aeruginosa infection. Pili appear to be the mediators of attachment of the microorganism to a variety of cells and are required for full virulence in the burned-mouse model (45, 49) . The role of flagella in pathogenesis has also been well established. Motile strains of P. aeruginosa are able to invade the bloodstream and internal organs in the burned-mouse model; isogenic nonflagellated strains are severely attenuated in their virulence (11) . Little is known about the control of flagellar gene expression in P. aeruginosa. Recent studies with other bacteria strongly suggest that transcription of flagellar genes is mediated by RNA polymerase containing an alternative a factor rather than the primary cr factor involved in transcription of most bacterial genes. For instance, expression of flagellum genes by Escherichia coli, Bacillus subtilis, and perhaps Rhizobium meliloti requires a core RNA polymerase and c28 for recognition of the unique * Corresponding author.
promoters of these genes (1, 15, 39) . Similarly, transcription of Caulobacter crescentus flagellin genes, as well as several of the genes that encode the components of the flagellar structure, requires RNA polymerase containing the a factor specified by the rpoN gene (37) . Our previous finding that pili are controlled by the rpoN gene product in P. aeruginosa (21) led us to investigate the role of rpoN in transcription of a variety of P. aeruginosa genes.
The rpoN gene (also called glnF and ntrA) which encodes a minor a subunit in E. coli ((J54), enables RNA polymerase to recognize a unique set of promoter sequences (CTGGYA YR-N4-TTGCA) with the invariant GG and GC sequences centered at -24 and -12 from the start site of transcription (2, 16, 17) . This sequence is markedly different from the canonical -10 and -35 promoter sequence recognized by the primary a factor in the cell. While the rpoN gene was originally identified by its involvement in transcription of genes that encode enzymes of nitrogen assimilation and nitrogen fixation, it is now recognized for transcriptional activation of a broader set of genes (27) . For instance, several genes not involved in nitrogen metabolism also require this cr factor for transcription, including the genes for carboxypeptidase G2 and xylene catabolism in P. putida (20, 35) , the C4-dicarboxylate transport polypeptide of R. leguminosarum (42) , flagella in C. crescentus (37) , and pilin in P. aeruginosa (21 
MATERIALS AND METHODS
Strains and culture conditions. The strains used in this study are listed in Table 1 . Strains of E. coli, P. aeruginosa, and R. meliloti were grown on L agar plates (32) . As needed, L-agar plates were supplemented with ampicillin (100 ,ug/ml) or gentamicin (10 pLg/ml) for E. coli strains with plasmids or with carbenicillin (100 ,ug/ml), tetracycline (200 ,ug/ml), or gentamicin (50 ,ug/ml) to maintain plasmids in P. aeruginosa. Minimal medium A (minA) has already been described (34) .
Plasmid construction and DNA analysis. Table 1 lists the plasmids used in this study. Plasmid pSP329G was constructed as follows. First, pSP329 (Sandy Porter, unpublished data) was constructed by cloning the 400-base-pair HaeII fragment (which contains the polylinker and the alpha-complementation-specifying region) from pUC118 (48) into broad-host-range, mobilizable plasmid pTJS75 (46) which had been partially digested with HaeII. In plasmid pSP329G, the Narl fragment of pSP329 which encodes Tcr was deleted and replaced with the 1. Motility and electron microscopy. For observation of motility and examination by electron microscopy, P. aeruginosa and E. coli strains were grown for 6 h at 37°C in L broth supplemented with 0.2% glutamine. R. meliloti strains were grown for 6 h at 30°C in L broth supplemented with 2.5 mM MgSO4 and 2.5 mM CaCl2. All strains were observed for motility by wet-mount preparations with a phase-contrast microscope. For electron microscopy, cells were negatively stained by mixing an equal volume of the bacterial suspension in 50 mM sodium phosphate-10 mM MgCl2 (pH 7) with a 2% aqueous solution of phosphotungstic acid (pH 7.4). A drop was spotted on a Parlodion (Mallinckrodt, Inc., St. Louis, Mo.) carbon-coated grid (300 mesh), and after 15 s, the liquid was withdrawn by being drained against filter paper. Samples were examined with a JEOL 100B transmission electron microscope operating at 60 kV.
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis and immunoblot analysis. Gels for sodium dodecyl sulfatepolyacrylamide gel electrophoresis (3) were either 15% gels or 5 to 20% gradient gels, as indicated. Immunoblots were performed as previously described (3), except that 5% milk in 150 mM NaCl-10 mM phosphate buffer (pH 7.2) was used as the blocking agent and as the diluent for the antibodies and protein A. Antibodies to purified pili from P. aeruginosa PAK were prepared as previously described (44) . Monoclonal antibodies to type a flagella were a gift from Anthony Siadak, Oncogen, Seattle, Wash.
Miscellaneous phenotypic tests. DNase, catalase, oxidase, and nitrate reduction tests were performed as previously described (29) . Hemolysis was observed on sheep blood agar plates after 24 h of incubation at 37°C. Anaerobic growth on sheep blood agar plates was noted after 24 h of growth at 37°C in a GasPak jar with a catalyst and a GasPak anaerobic generator envelope (BBL Microbiology Systems, Cockeysville, Md.). For screening for phenotypic traits of PAK-SR and PAK-Nl, the Vitek GNI identification card (Vitek Systems, Inc., Hazelwood, Mo.) was used as directed by the manufacturer. Caseinase was tested on agar plates as previously described (47) . Oxidation of sugars with glucose-or xylose-containing OF media (29) was analyzed after incubation for 3 days at 37°C. Uric acid hydrolysis was observed after incubation for 48 h at 37°C on L agar plates containing 1.5% uric acid. Positive cultures were indicated by clearing of the turbid medium around the colonies. Antibiotic sus- ceptibility testing was performed by the broth dilution method (29) . For outer membrane protein analysis, cells were grown overnight in nutrient broth (Difco Laboratories, Detroit, Mich.) with or without 20% sucrose. Outer membranes were isolated as previously described (14) .
Quantitative enzyme assays. For quantitation of phospholipase C, bacteria were grown overnight in phosphate-free tryptone-yeast extract medium (19) supplemented with 0.2% glutamine and analyzed by the method of Berka et al. (4) . Elastase was quantitated by the procedure of Bjorn et al. (6) after supernatants were concentrated fivefold with Centron 30 microconcentrators (Amicon Corp., Lexington, Mass.).
The nitrocefin assay (23) for inducible P-lactamase was performed on bacteria grown with imipenem (1.56 ,ug/ml) as previously described (7). For quantitation of exotoxin A, strains were grown in dialyzed Trypticase soy broth (BBL) supplemented with 1% glycerol, 0.05 M monosodium glutamate, and 0.2% glutamine (30) and assayed as previously described (8) .
Determination of growth requirements. To determine their auxotrophic requirements, PAK-SR and PAK-Ni were streaked to obtain isolated colonies on minA plates containing the additives listed in Table 2 . Strains unable to produce individual colonies after 24 h at 37°C without an amino acid were considered auxotrophic for that additive.
To test the ability of PAK-SR and PAK-Nl to grow aerobically and anaerobically on different nitrogen sources, minA plates were prepared as indicated in Table 2 . These plates were then incubated aerobically or anaerobically in a GasPak jar with a catalyst and a GasPak anaerobic generator envelope. The ability to grow on these plates was scored after incubation for 24 h at 37°C.
Expression of nitrogen-regulated enzymes. A modification of the medium of Janssen et al. (22) was used for expression of nitrogen-regulated enzymes in PAK-SR and PAK-Nl. This medium consisted of phosphate buffers (10.5 g of K2HPO4 per liter and 4.5 g of KH2PO4 per liter), 10 mM MgSO4, 35 mM sodium citrate, and 0.01 or 0.2% glutamine. Supplements (0.002% thiamine, 0.2 mM arginine, 0.2 mM uracil, 0.2 mM hypoxanthine) (26) were added to this medium because they were found to greatly enhance the growth rate and growth yield of PAK-Nl without affecting the control of nitrogen-regulated enzymes (data not shown).
To determine the glutamine synthetase and urease activities in logarithmically grown cells, 1 ml of cells was collected by centrifugation and then washed and suspended in 100 ,ll of 1% KCI. One half (50 ,ul) of this sample was used for the test, and the other half was used for the blank reaction.
Initial experiments with dilutions of cetyltrimethylammonium bromide (Sigma Chemical Co., St. Louis, Mo.) indicated that incubation of these cells at 37°C for 5 min with 0.5 mg of cetyltrimethylammonium bromide per ml (and not 0.1 mg of cetyltrimethylammonium bromide per ml [22] ) resulted in maximal detection of glutamine synthetase and urease.
The glutamine synthetase assay was performed as described by Janssen et al. (22) . Urease was quantitated by calculating the amount of ammonia produced from urea by the Nessler reaction, a modification of previously published methods (13 (18) .
RESULTS
Motility defect in the rpoN mutant of P. aeruginosa. While most wild-type P. aeruginosa strains, including P. aeruginosa PAK-SR, are highly motile, as examined by phasecontrast microscopy, PAK-Nl was nonmotile. Both strains were also examined by electron microscopy to determine whether the defect in PAK-Nl was limited to motility or involved the structural genes for flagella. These experiments showed that PAK-SR possessed a single polar flagellum in the region of the bacterial cell that shows several welldefined pili (Fig. 1A and B) . A similar examination of several hundred PAK-Nl bacteria failed to detect any flagella or pili (Fig. IC and D) . Thus, the lack of motility by PAK-Nl was due to its inability to form flagella.
Immunoblot analysis was performed on lysates of PAK-SR and PAK-Nl by using antiflagellin monoclonal antibodies to determine whether the rpoN mutation affected the ability of the cells to synthesize flagellin monomers. We found that PAK-SR produced flagellin (Fig. 2A, lane 1) but PAK-Nl did not (Fig. 2A, lane 2) .
To confirm that the defect in flagellum and pilus synthesis was due solely to a defect in the rpoN gene product, we complemented the mutation in PAK-Nl with a recombinant plasmid that encodes the rpoN gene from wild-type P. aeruginosa. Plasmid pPT212, which carries the rpoN-containing 10.2-kb BamHI fragment from pKI10 (21) in broadhost-range plasmid pSP329G, was constructed as described in Materials and Methods. Introduction of pPT212 into PAK-Nl not only restored motility but resulted in the appearance of pili and flagella in electron micrographs of P. aeruginosa PAK-N1(pPT212) (Fig. 1E and F) of bacterial extracts demonstrated that the cloned rpoN gene in PAK-Nl restored the synthesis of flagellin and pilin monomers ( Fig. 2A and B, lanes 3) . Therefore, these data confirm that the rpoN gene product is required for expression of both flagella and pili in P. aeruginosa. The rpoN mutation in E. coli and R. meliloti, however, did not result in loss of motility or absence of their native flagella when examined by electron microscopy (data not shown).
Effect of rpoN mutation on selected phenotypic traits. Additional phenotypic traits of PAK-SR and PAK-Nl were examined to detect any other genes controlled by the rpoN gene product. We found that both strains were able to produce catalase and oxidase, grow at 42°C, grow anaerobically on sheep blood agar plates, reduce nitrate, decarboxylate arginine, oxidize glucose and xylose, produce caseinase, hydrolyze uric acid, and utilize malonate and citrate as sole carbon sources. Both strains were negative for lysine and omithine decarboxylase, tryptophan deaminase, esculin hydrolysis, growth in polymyxin B, o-nitrophenyl-p-D-galactopyranoside hydrolysis, H2S production, hydrolysis of plant indican, and sugar fermentation. Both PAK-SR and PAK-Nl were able to oxidize sugars when grown on OF media. PAK-SR and PAK-Nl had similar susceptibilities to a standard set of antipseudomonal antibiotics.
Effect of rpoN mutation on excreted and surface-localized cellular components. We examined the effect of the rpoN defect on expression of other exported proteins, particularly those associated with virulence. The levels of extracellular elastase, phospholipase C, and inducible ,-lactamase were quantitated and found to be similar to PAK-SR and PAK-Nl (data not shown). Examination of Coomassie blue-stained sodium dodecyl sulfate-polyacrylamide gels of outer membrane proteins prepared from PAK-SR and PAK-Nl grown in nutrient broth under conditions of high or low osmolarity revealed no significant differences between the contents of the major outer membrane proteins of the two bacteria (data not shown).
Because the PAK-SR strain used throughout this study produced relatively low amounts of exotoxin A, we engineered an rpoN mutation in PA103 (see Materials and Methods), the strain of choice for production of quantifiable amounts of this protein in P. aeruginosa. We found that this rpoN mutant, designated PA103-NG, produced exotoxin A at levels comparable to those of strain PA103. Exotoxin A production in both PA103 and PA103-NG was repressed by iron, indicating that expression of none of the regulatory genes involved in exotoxin A synthesis requires RpoN. Similarly, colonies of P. aeruginosa CF613-NG, an engineered rpoN mutant of a highly mucoid strain, CF613, were indistinguishable in their mucoid appearance from the parental strain, suggesting that the alginate biosynthetic enzymes are not under rpoN control in this strain.
Effect of the rpoN mutation on nitrogen assimilation in P. aeruginosa. The major pathway of ammonia uptake under conditions of nitrogen limitation in members of the family Enterobacteriaceae requires synthesis of glutamine by glutamine synthetase (31) . Since the structural gene of enterobacterial glutamine synthetase is under RpoN control and glutamine is a precursor of several amino acids, purines, and pyrimidines, rpoN mutants require glutamine for growth (26, 28) . We examined the auxotrophic requirements of PAK-SR and PAK-Nl (Table 2) to determine whether this control of nitrogen assimilation in P. aeruginosa is similar to that of members of the family Enterobacteriaceae. We found that PAK-Nl, unlike its RpoN+ parent, PAK-SR, was unable to grow on minimal medium unless it contained glutamine. Glutamic acid, histidine, and proline failed to support the growth of PAK-Nl in minimal medium.
To confirm that the rpoN mutation was responsible for glutamine auxotrophy in PAK-Nl, we performed complementation experiments with plasmid pPT212, a broad-hostrange plasmid carrying the wild-type rpoN gene. In these experiments, pPT212 restored the ability of PAK-Nl to grow on minimal medium without glutamine, while the vector (pSP329G) alone did not (data not shown).
We next examined the levels of glutamine synthetase in wild-type and rpoN mutant P. aeruginosa to determine whether the glutamine requirement in PAK-Nl was due to a lack of glutamine synthetase activity. Growth conditions of excess and limiting nitrogen were chosen, as described in Materials and Methods, to allow comparable growth rates of PAK-SR and the glutamine-requiring strain PAK-Nl. PAK-SR and PAK-Nl produced background levels of glutamine synthetase in nitrogen excess (0.2% glutamine) growth conditions (Table 3) . However, under nitrogen limitation (0.01% glutamine), PAK-SR produced 50 mU of glutamine synthetase per min per mg of dry weight and PAK-Nl produced less than 5 mU. Thus, glutamine synthetase was more than 10- excess, confirming previous findings (22) , and requires RpoN for expression in nitrogen limitation. Urease is another enzyme which is preferentially expressed in low-nitrogen conditions and repressed in highnitrogen growth conditions in P. aeruginosa (22) . Similarly, in our experiments, urease activity was repressed in both PAK-SR and PAK-Nl in high-nitrogen growth conditions. The synthesis of this enzyme is also under RpoN control, since PAK-Nl produced less than 10% of the wild-type levels of this enzyme in low-nitrogen medium (Table 3) .
Effect of the rpoN mutation on nitrogen dissimilation in P. aeruginosa. P. aeruginosa can grow anaerobically only if it is provided with nitrate in place of oxygen as a terminal electron acceptor (38) . This process of dissimilative nitrogen utilization is due to the ability of the organism to derive energy from the reduction of nitrate to nitrogen gas (38) . To test whether the rpoN gene product is required for this process, we analyzed the ability of PAK-SR and PAK-Nl to grow anaerobically on minimal medium plates containing different nitrogen sources: glutamine alone, glutamine and potassium nitrate, and glutamine and ammonium sulfate (Table 2 ) (glutamine was added to all plates to permit growth of PAK-Nl). While PAK-SR and PAK-Nl grew aerobically on all three media, both strains grew anaerobically only in the presence of nitrate. These experiments indicate that the rpoN gene product is not necessary for anaerobic utilization of nitrate in P. aeruginosa.
DISCUSSION
In this report, we show that expression of the flagellin gene of P. aeruginosa requires the rpoN gene product, an alternative v factor. We compared isogenic strains of P. aeruginosa and found that the wild type, and not the rpoN mutant, is motile, produces flagella, and synthesizes flageilin antigen. The absence of flagellin in the rpoN mutant suggests that the flagellin structural gene is transcribed by an RpoNcontaining RNA polymerase. However, we cannot exclude the possibility that RpoN exerts its influence indirectly by transcribing an unidentified regulator of flagellin synthesis. For instance, RpoN might transcribe a positive activator which acts as a master regulatory switch for flagellum synthesis. Alternatively, one or more components of the flagellum structure could be transcribed by RpoN and its lack of expression in rpoN mutants might inhibit flagellin gene expression. Such hierarchical control of flagellar components has been demonstrated in E. coli (25) In this report, we have also shown the codependence of the flagellin and pilin genes on the rpoN gene product. Since both pili and flagella are required for full virulence in the burned-mouse model (11, 45) , these appendages represent two virulence factors of P. aeruginosa which are controlled by the same gene product (RpoN). While coordinate control of virulence genes is common in other pathogens (33) , the genes for P. aeruginosa pili and flagella are the first virulence VOL. 172, 1990 rpoN MUTANTS OF P. AERUGINOSA 395 genes to be described in which this coordinate control is accomplished with an alternative v factor. We examined the rpoN mutant of P. aeruginosa for expression of genes that specify additional virulence factors, including caseinase, elastase, phospholipase C, exotoxin A, and an alginate capsule, and found no others that were under RpoN control. Perhaps motility and adherence are important for survival in the natural environment of the organism and their regulation is more attuned for expression in this niche than as virulence factors in mammalian hosts. The significance of the requirement for RpoN for expression of both pili and flagella in P. aeruginosa is unclear, particularly since little is known about their regulation in this bacterium. RpoN may allow coordinate regulation of the expression of extracellular appendages, allowing the cell to move to a more favorable environment and adhere. Having these genes under the control of an alternative cu factor in conjunction with other positive activators may enable the cell to better coordinately amplify expression of a large set of related genes. Alternatively, pili and flagella might be activated by different environmental conditions, enabling the cell to be motile and nonadherent in certain conditions but nonmotile and adherent in others.
We hypothesize that expression of both pili and flagella responds to the environment via gene-specific positive regulatory elements. This model is based on the RpoN-controlled genes described so far which require positive effectors for transcriptional activation and are not regulated by levels of RpoN, which remain constant in the cell (27) . Further identification of the complete set of regulatory elements and the nature of signals that control their activities is necessary to better understand the control of expression of these important virulence determinants in P. aeruginosa.
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ADDENDUM IN PROOF
After these studies were completed, an rpoN mutant of Pseudomonas putida was found to be nonmotile (T. Kohler, S. Harayama, J.-L. Ramos, and K. N. Timmis, J. Bacteriol. 171: [4326] [4327] [4328] [4329] [4330] [4331] [4332] [4333] 1989 ). In addition, these rpoN mutants of P. putida could utilize ammonia, proline, and histidine as sole nitrogen sources, indicating differences in nitrogen regulation or metabolism from that of P. aeruginosa as described in this paper.
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